Ab initio study of noncovalent sidewall functionalization of carbon nanotubes
We investigated noncovalent molecular adsorptions onto carbon nanotubes ͑CNTs͒, using density-functional theory methods including recently developed hybrid functionals. Planar aromatic molecules have greater binding strength than fully saturated nonaromatic molecules, and adsorption geometries are consistent with the features of intermolecular − stacking. We show that modifications with alcohol or a thiol terminal group increase the adsorption strength consistently throughout the considered molecules. This result may be used in experiments involving noncovalent sidewall functionalizations of CNTs. © 2009 American Institute of Physics. ͓doi:10.1063/1.3274041͔
Methods for decorating carbon nanotubes ͑CNTs͒ with noncovalently adsorbed molecules, which is called noncovalent sidewall functionalization, have been desired for various purposes. Fabrication processes of high-strength fibers or other types of CNT composites are proceeded by the separation of as-grown aggregated CNTs. [1] [2] [3] [4] Aqueous solution of unharmed individual CNTs has been required for fundamental study of opto-electronic properties of the CNT. 5, 6 To attain these objectives, various methods of molecular adsorptions onto the outer surface of CNTs have been attempted. Among them, noncovalent methods are the most desirable because they are expected to preserve the mechanical and electronic advantages of CNTs. 2, 7 For example, researchers developing CNT-based biological sensors have sought moieties that have selective recognition capability for analytes and do not adversely affect the electronic structure of CNTs. 8, 9 In the present letter, we evaluate the underlying energetics of the noncovalent sidewall functionalization of CNTs. We performed density-functional theory ͑DFT͒ calculations to investigate the noncovalent binding energetics of molecules onto CNTs. 10 We particularly focused on molecules used in experiments involving the noncovalent coating of CNTs. We show that the planar aromatic hydrocarbons have stronger binding affinity with the outerwall of CNTs than fully saturated nonaromatic hydrocarbons. The adsorption geometries are shown to be consistent with the known − stacking interaction. 11 In addition, we show that the introduction of terminal groups of alcohol or thiol moiety, as used in various experiments, increase the binding energetics of aromatic molecules onto CNTs. For computations, we used the Vienna ab initio Simulation Package and the provided pseudoptentials. 12, 13 The local density approximation ͑LDA͒ and the generalized gradient approximation ͑GGA͒ were used for the exchange-correlation potential. 14, 15 The energy cut-off for the plane-wave basis was set to 400 eV. Geometry optimizations were carried out with residual forces of less than 0.01 eV/Å. We particularly note that the DFT/ LDA can be the best choice for a practical evaluation of the − interaction ͑even better than the Moller-Plesset second order perturbation͒. 16 Some of the M06 series of hybrid meta functions ͑M06-2X, M06-HF, and M06-L͒, which have been proven to have excellent capability for the − stacking, were also employed for cross-checking. 17 We used the NWChem package for actual calculations of the DFT hybrid functionals. 18 Figure 1͑a͒ shows the optimized geometry of the lowest energy structure of the pyrene-adsorbed ͑10,0͒ CNT. A few metastable geometries were also found in our calculation with slightly higher energies. The stacking between the adsorbed pyrene and the CNT surface, as shown in Fig. 1͑a͒ , looks similar to the AB-stacked graphite. We note that this feature is consistent with the theory for the − stacking, wherein the electrostatic attraction between and electrons in the opposite molecules gives rise to a more or less strong intermolecular binding. 11 The nearest C-C distance, as denoted by the arrow in the inset of Fig. 1͑a͒ , was found to be 3.13 Å in our DFT/LDA calculations. This clearly suga͒ Author to whom correspondence should be addressed. Electronic mail: noejung@dku.edu. FAX: ϩ82-31-8005-3208.
FIG. 1. ͑Color online͒ ͑a͒
Top view of optimized geometry of the lowest energy structure of the pyrene-adsorbed ͑10,0͒ CNT. Inset shows the side view. Optimized geometries of ͑b͒ benzyl-alcohol, ͑c͒ benzyl mercaptan, ͑d͒ the thiol-terminated pyrene, and ͑e͒ the alcohol-terminated pyrene. In ͑a͒ to ͑e͒, the medium-sized balls and the smallest balls represent carbon and hydrogen atoms, respectively. The darker ͑red͒ medium-sized balls in ͑b͒ and ͑d͒ and the lighter ͑greenish yellow͒ larger balls in ͑c͒ and ͑e͒ denote oxygen and sulfur atoms, respectively. In the inset of ͑a͒, the nearest C-C distance between pyrene and the CNT is indicated with an arrow. gests that the adsorption of pyrene onto the CNT is a noncovalent interaction. Nevertheless, as will be shown in later paragraph, the binding strength for this type of − interaction is noticeably stronger than the physisorption of nonaromatic molecules. 2 To determine the size dependence of the binding mechanism and the effect of terminal group modifications, we performed similar calculations with benzene-derived and pyrene-derived molecules. Figures 1͑b͒  and 1͑c͒ show the optimized geometries of benzyl alcohol ͑BA͒ and benzyl mercaptan ͑BM͒, in which the alcohol and thiol moiety is decorated for a terminal group of benzene, respectively. The alcohol-terminated pyrene and thiolterminated pyrene, as shown in Figs. 1͑d͒ and 1͑e͒ , respectively, were also considered. Hereafter, the alcoholterminated pyrene and the thiol-terminated pyrene are called pyrenyl alcohol ͑PA͒ and pyrenyl mercaptan ͑PM͒, respectively. In the present work, we are not concerned with whether or not PA and PM can be synthesized easily. Nonetheless, a comparison of them to BA and BM provides a good theoretical benchmark for the non-covalent functionalization of CNTs. It is noteworthy that the terminal groups of aromatic molecules have been manipulated in experiments involving CNT functionalizations. 2, 5, 8 Our results for the binding energetics are compiled in Table I . We observe that the larger is the size of the adsorbed molecules, the stronger is the binding affinity with CNTs. This is consistent with common understanding of nonchemical intermolecular interaction. The binding energy naturally increases with the size of adsorbate molecules because the intermolecular physical interaction increases with the interfacial area between the two opposite molecules. However, such bindings are consistently stronger than physisorptions of nonaromatic molecules. For comparison, we calculated the binding energetics of the diamondoid molecules, in which all carbon atoms are interconnected through diamondlike tetrahedral bonds and surface carbon atoms are saturated with hydrogen atoms. 19 Adamantane ͑C 10 H 16 ͒ and diamantane ͑C 14 H 20 ͒, as noted in Table I , are the two smallest diamondoids. The comparison between the binding energetics of aromatic molecules and diamondoids indicates that roughly 0.03-0.20 eV could be attributed to the contribution from the − stacking interaction.
The more noticeable feature is that the decoration of the terminal group with alcohol and thiol moiety increased the binding strength consistently throughout the considered molecules. The origin of the − stacking interaction has been attributed to the electrostatic interaction between electrons and electrons located in the opposite molecule, respectively. 11 We conjecture that the alcohol or thiol terminal group may increase the polarity, thereby giving rise to an increment of the electrostatic interaction. In Fig. 2 , we plotted the change in the total electron density along the perpendicular direction to the aromatic plane. We observe that the electron accumulation at the interface between PM and the CNT ͓Fig. 2͑b͔͒ is slightly larger than the electron accumulation between pyrene and the CNT ͓Fig. 2͑a͔͒. However, as shown in the insets of Fig. 2 , the electronic structures near the Fermi level are almost the same as that of the bare CNT. These features suggest that either pyrene or PM does not induce electron transfer, and the greater binding strength of PM, in comparison with pyrene, can be attributed to the larger polarity incurred by electronegativity of PM.
It has been observed experimentally that − stacking is so strong that the functionalized CNT compounds through the − interaction can withstand heating up to a few hundred Celcius. 2 Of very significant interest is that the − stacking does not destroy the electronic structure of the CNT despite its strong capability of functionalization. In the present work, we explicitly calculated the electronic structure of the CNTs with aromatic adsorbates to confirm the effect of − stacking. The partial densities of electronic states of the ͑10,0͒ CNT of the bare CNT geometry and the CNT with PM adsorbate are shown in Figs. 2͑a͒ and 2͑b͒ , respectively. The two cases look almost identical, implying that the electronic structure of CNT remained intact over the adsorption of PM. We also investigated the other molecules, and produced almost the same results.
Because the nonexact nature of the exchange-correlation potential could be a source of error, results of DFT calculations should be interpreted with care. In previous paragraphs, we showed results of the DFT/LDA calculations and discussed that the − interaction can be reinforced by a modification of terminal groups of the aromatic molecules. We particularly note that the LDA could be one of the best choice for the − interactions, as demonstrated in the benchmark test by Zhao et al. 16 In this paragraph, we show results of our calculations with the M06 series of hybrid meta functional to cross-check the LDA results. 17 Through a series of case studies, the M06 suite of functionals were suggested to have decent accuracy for a diverse range of chemistry, particularly for the − interaction. Figures 3͑a͒ and 3͑b͒ show the lowest energy adsorption geometry of benzene and BM onto coronene. Figures 3͑c͒  and 3͑d͒ show the adsorption strength of benzene and BM onto coronene molecules, respectively. We observe that, irrespective of the computational method used, BM has greater binding strength than benzene. It has been discussed that practical implementations of DFTs cannot describe the −1 / r 6 behavior of long range interaction between neutral molecules, 20 whereas the M06 series of functionals could have some compensation for such a deficiency. However, the DFT/LDA and the M06 series are roughly consistent for equilibrium binding energetics of the − interaction: BM has stronger binding affinity with coronene than benzene by about 0.11 eV, as presented in Fig. 3 .
In conclusion, using density-functional theory calculations, we investigated the binding energetics for noncovalent functionalizations of CNTs. Planar aromatic molecules have greater binding strength than fully saturated nonaromatic molecules. We showed that the modifications of aromatic molecules with alcohol or a thiol terminal group increased the − stacking interaction with CNT surfaces. Using the LDA and some of recently developed hybrid functionals, we also showed that the modified terminal groups could enhance the − attraction by about 0.11 eV.
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